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A[minopeptidase]{.smallcaps}‐N (APN)/CD13 (EC 3.4.11.2) is a transmembrane protease present in many tissues and cell types (*e.g.*, endothelial and epithelial cells, fibroblasts, and leukocytes; ref. 1). CD13 expression is dysregulated in inflammatory diseases and in solid and hematological tumors ([1](#bib1){ref-type="ref"}). Furthermore, CD13\'s enzymatic activity modulates the responses of bioactive peptides (*e.g.*, vasoactive peptides, neuropeptides, and chemokines; ref. 1). The CD13 protein is also a receptor for coronaviruses ([1](#bib1){ref-type="ref"}). Several natural and synthetic APN inhibitors have been characterized and used to reveal that CD13 can influence major biological processes, including cell growth and invasion and angiogenesis in various cellular systems ([1](#bib1){ref-type="ref"}--[3](#bib3){ref-type="ref"}). CD13\'s involvement in these processes has mostly been confirmed by blockage with anti‐CD13 monoclonal antibodies (mAbs; refs. 2‐9). However, the molecular mechanisms underlying these effects have yet to be described in detail. Indeed, it is not clear whether APN enzymatic activity is required for CD13\'s other functions. Some researchers have suggested that signal transduction accounts for some of CD13\'s functions ([10](#bib10){ref-type="ref"}--[12](#bib12){ref-type="ref"}). With regard to apoptosis, the presence of CD13 correlates with neutrophil resistance to TNF‐α‐induced apoptosis *via* reduced shedding of TNF‐receptor I ([13](#bib13){ref-type="ref"}). Although studies with APN inhibitors have indicated a potential role for CD13 in apoptosis, this effect remains controversial because high doses of the inhibitors used might induce cytotoxicity in a nonspecific manner ([1](#bib1){ref-type="ref"}, [12](#bib12){ref-type="ref"}).

Acute myeloid leukemia (AML) is a deadly disease characterized by the clonal expansion and accumulation of hematopoietic stem cells arrested at various stages of development. The latter are used to define distinct AML subfamilies ([14](#bib14){ref-type="ref"}--[16](#bib16){ref-type="ref"}). CD13 is strongly expressed on stem cells and leukemic blasts in all AML subtypes ([1](#bib1){ref-type="ref"}, [16](#bib16){ref-type="ref"}). Leukemia cells are unable to undergo growth arrest, terminal differentiation, and apoptosis in response to appropriate environmental stimuli and disseminate from the bone marrow into peripheral tissues ([14](#bib14){ref-type="ref"}--[16](#bib16){ref-type="ref"}). There are no data on CD13\'s possible functions in AML cells or its contribution to the course of the disease.

The recent review by Wickström *et al.* ([17](#bib17){ref-type="ref"}) on CD13 evaluates the evidence for CD13 as a target in cancer therapy. In the present study, we investigated and compared the effects of anti‐CD13 mAbs and inhibitors of APN/CD13 enzymatic activity on the AML cell line U937 *in vitro* and cells from patients with AML *ex vivo.* In contrast to APN inhibitors, anti‐CD13 mAbs induced growth arrest and apoptosis in AML cells. We identified some of the molecular apoptotic pathways triggered by CD13 ligation and that led to mitochondrial membrane depolarization, caspase activation, and the alteration expression of Bcl‐2 family proteins known to be involved in the control of mitochondria‐dependent apoptosis.

MATERIALS AND METHODS {#fsb2025008032-sec-0002}
=====================

Antibodies and reagents {#fsb2025008032-sec-0003}
-----------------------

Anti‐CD13 (MY7, mIgG1), anti‐CD13 (SJ1D1, mIgG1), phycoerythrin (PE)‐conjugated anti‐CD13 (SJ1D1, mIgG1), fluorescein isothiocyanate (FITC)‐anti‐CD14 (RM052, mIgG2a), FITC‐anti‐CD33 (mIgG1, D3HL60.251), and goat F(ab')2 fragment anti‐mouse fluorescein isothiocyanate‐conjugated Ig (GAM‐FITC) were obtained from Beckman‐Coulter (Luminy, France). Anti‐CD13 WM15 (mIgG1) was purchased from BD‐Pharmingen (San Jose, CA, USA). The anti‐CD13 mAbs were found to be endotoxin‐low (\<0.1 EU) in the LAL assay developed by Genscript USA (Piscataway, NJ, USA). FITC‐mIgG1, FITC‐mIgG2a, anti‐phospho‐Ser‐136‐Bad (Ser‐136, rabbit IgG), anti‐Bad (H‐168, rabbit IgG), anti‐PARP‐1 (F‐2, mIgG2a), anti‐Bid (FL‐195, rabbit IgG), anti‐Bcl2 (100, mIgG1), and anti‐Mcl‐1 (S‐19, rabbit IgG) were from Santa Cruz Biotechnology (Tebu‐Bio, SA, France). Z‐IETD‐fmk (a caspase‐8 inhibitor), caspase‐3/‐8/‐9 kit assays, mIgG1 and anti‐TNF‐α converting enzyme (TACE; 111633, mIgG1) were obtained from R&D Systems (Abingdon, UK). Anti‐actin (C4, mIgG1) was obtained from ICN Biomedicals (Aurora, OH, USA). Anti‐Bax (33‐6400, mIgG1) was obtained from Zymed Laboratories (San Francisco, CA, USA). Horseradish peroxidase (HRP)‐conjugated secondary antibodies were purchased from GE Healthcare Europe (Saclay, France). Bestatin (hydrochloride; B8385), Ala‐p‐nitroanilide, etoposide, and phorbol myristoyl acetate (PMA) were obtained from Sigma (St. Louis, MO, USA). Z‐VAD‐fmk (a broad‐spectrum caspase inhibitor), PD98059 (MEK1 inhibitor), Ly294002 (PI3K inhibitor), and AKT1/2 inhibitor VIII were from Calbiochem (Darmstadt, Germany). Ac‐LEHD‐CHO (a caspase‐9 inhibitor) was from AG Scientific. (San Diego, CA, USA). The specific CD13/APN inhibitor 2',3‐dinitroflavone‐8‐acetic acid (DNFAA) was synthesized as described in Bauvois *et al.* ([18](#bib18){ref-type="ref"}) and dissolved in DMSO.

Cells and treatments {#fsb2025008032-sec-0004}
--------------------

The mycoplasma‐free AML cell line U937 (CRL‐1593.2; American Type Culture Collection, Manassas, VA, USA) with the French‐American‐British (FAB) phenotype M5 ([19](#bib19){ref-type="ref"}) was cultured in RPMI 1640 medium (Life Technologies, Paisley, UK) supplemented with 5% heat‐inactivated FCS (Life Technologies; LPS levels\< 0.1 ng/ml), 2 mM [l]{.smallcaps}‐glutamine, 1 mM sodium pyruvate, and 40 μg/ml gentamicin (Life Technologies) in a 5% CO~2~ humidified atmosphere at 37°C. Cells were used at passage 8 or less and harvested in log‐phase growth for every experiment. Cells (1--3X10^5^/ml) were treated with APN inhibitors (1‐100 μM), IgG1 or anti‐CD13 mAbs (1‐50 μg/ml) for various periods of time. Etoposide (1 μM) was used as a positive control for apoptosis induction. In negative control experiments, cells were treated with the same volume of PBS containing 0.1% sodium azide and 0.5% BSA (vehicle). Caspase inhibitors and kinase inhibitors were added at the beginning of the cultures and incubated for 60 min prior to the addition of MY7.

Blood samples from healthy donors were purchased from the Etablissement Français du Sang (Hôtel‐Dieu Hospital, Paris, France). Leukemic blood samples from 21 treatment‐naive AML patients (11 men and 10 women; age range 22‐80) were obtained from Saint‐Antoine Hospital (Tumorothe\'que Leucémies Saint‐Antoine, ref. 579, Paris, France) after the provision of informed consent and in agreement with the Declaration of Helsinki and its revisions. Diagnosis was established according to standard clinical criteria and the FAB committee\'s cytological criteria. Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll‐Hypaque density gradient (1.077 g/ml) centrifugation. Leukemic cells were CD13 ^+^ CD33 ^+^ . Normal monocytes (CD13 ^+^ CD14 ^+^) were isolated by adherence, as described by Bauvois *et al.* ([20](#bib20){ref-type="ref"}). Cells (10^6^/ml) were cultured in complete RPMI 1640 medium supplemented with 10% FCS.

Determination of cell growth, cell death, and cell cycle {#fsb2025008032-sec-0005}
--------------------------------------------------------

Cell growth was evaluated by counting the number of viable cells (with diameters ranging from 9 to 14 μm) and dead cells (diameters ranging from 4 to 9 μm) in a Coulter Multisizer (Beckman‐Coulter). Cell cycle status was determined as described by Bhardwaj *et al.* ([21](#bib21){ref-type="ref"}) and measured with a flow cytometer (Beckman‐Coulter).

Flow cytometry {#fsb2025008032-sec-0006}
--------------

Intact cells were direct or indirectly immunostained with anti‐CD13 mAbs and GAM‐FITC, as described by Bauvois *et al.* ([22](#bib22){ref-type="ref"}). Intracellular CD13 staining was performed in permeabilized cells by using the FACS permeabilizing kit and technique developed by BD Pharmingen. Apoptosis was measured using the annexin V‐FITC/propidium iodide (PI) apoptosis detection kit (Beckman‐Coulter). Stained cells (4X10^4^) were analyzed by flow cytometry.

DNA fragmentation {#fsb2025008032-sec-0007}
-----------------

Cells were washed twice with PBS and lysed in M‐PER buffer (ThermoFisher Scientific, Ilkirch, France) for 60 min on ice. Lysates containing fragmented DNA were cleared by centrifugation at 10,000 g for 15 min. Supernatant samples were treated with proteinase K (500 μg/ml) at 50°C for 2 h. Thereafter, RNase A (500 μg/ml) was added, and the samples were incubated at 50°C for 90 min. Electrophoresis was performed in 1.8% agarose gels containing ethidium bromide, and the bands were analyzed in a densitometer (Appligen Oncor, Illkirch, France).

Assessment of mitochondrial membrane permeability {#fsb2025008032-sec-0008}
-------------------------------------------------

The loss of mitochondrial membrane potential (MMP) was analyzed using the mitochondrial detection kit (Biomol, Hamburg, Germany), as described previously ([23](#bib23){ref-type="ref"}). Following mAb treatment, cells were labeled with the lipophilic fluorochrome dye JC‐1. The sample\'s fluorescence was recorded in a Wallac Victor 2 multitask plate reader (Perkin Elmer, Norwalk, CT, USA). The depolarization of MMP is characterized by a shift from red fluorescence (FL2) to green fluorescence (FL1), *i.e.*, a reduction in the red/green fluorescence ratio.

Enzyme assays {#fsb2025008032-sec-0009}
-------------

APN activity at the surface of intact cells (2X10^6^/ml) was assayed as described by Bauvois *et al.* ([18](#bib18){ref-type="ref"}) by using Ala‐p‐nitroanilide (Ala‐pNA; 2 mg/ml). Formation of pNA was monitored at 405 nm. Results were expressed as nanomoles of pNA formed per 30 min per 10^5^ cells at 37°C. To quantify any release of soluble APN, preconditioned medium was obtained by culturing the cells (1X10^6^/ml) for 6 and 18 h at 37°C in complete RPMI without phenol red. After rapid centrifugation, the isolated cells and the culture medium were incubated with Ala‐pNA in the presence or absence of the APN inhibitor DNFAA (100 μM). Specific APN activity was determined by subtracting the amount of Ala‐pNA hydrolyzed in the absence of DNFAA (100 μM) from the amount of Ala‐pNA hydrolyzed in the presence of DNFAA.

Caspase activities were assayed with specific substrates for caspase‐3 (DEVD‐pNA), caspase‐8 (IETD‐pNA), and caspase‐9 (LEHD‐pNA) in cell lysates (100 μg/assay) using the caspase cellular activity assay kits (R&D Systems), according to the manufacturer\'s instructions. Formation of pNA was monitored at 405 nm. Comparison of the absorbance of pNA from a treated sample with control sample allows determination of the relative increase in caspase activity.

Western blot analysis {#fsb2025008032-sec-0010}
---------------------

Cells were lysed in M‐PER buffer (Pierce Biotechnology, Rockford, IL, USA), supplemented with protease and phosphatase inhibitor cocktails (Sigma). Western blot analysis was then performed, as described previously ([24](#bib24){ref-type="ref"}). Immunoblotting was performed with primary antibodies and diluted according to the manufacturer\'s instructions; samples were then incubated with HRP‐coupled secondary antibodies. Blots were visualized by enhanced chemiluminescence (ECL; GE Healthcare Europe) and Image 1.63 software (U.S. National Institutes of Health, Bethesda, MD, USA)was used to quantify the intensity of the bands.

Data analysis {#fsb2025008032-sec-0011}
-------------

Data are presented as means ± [sd]{.smallcaps} from *n* independent experiments. A 2‐tailed, paired Student\'s *t* test was used to compare test and control groups. The threshold for statistical significance was set to *P* \< 0.05.

RESULTS {#fsb2025008032-sec-0012}
=======

MY7, WM15, and SJ1D1 anti‐CD13 mAbs label CD13 expressed on AML U937 cells to a similar extent {#fsb2025008032-sec-0013}
----------------------------------------------------------------------------------------------

Surface expression of CD13 on U937 cells was assessed by flow cytometry with specific mAbs against different epitopes of CD13; WM15 mAb is known to neutralize CD13\'s APN enzyme activity, whereas SJ1D1 and MY7 lack this inhibitory activity ([25](#bib25){ref-type="ref"}). As shown in Fig. [1*A*](#fsb2025008032-fig-0001){ref-type="fig"}, all three anti‐CD13 mAbs labeled surface CD13 to a similar extent. Analysis of surface APN activity showed that saturating concentrations of SJ1D1 and MY7 had no effect on APN activity, whereas WM15 reduced the activity by 44 ± 2% (*n*=3) (Fig. [1*B*](#fsb2025008032-fig-0001){ref-type="fig"}). The inhibitors bestatin and DNFAA at 10 μM also reduced APN activity to a similar extent (Fig. [1*B*](#fsb2025008032-fig-0001){ref-type="fig"}). Residual enzyme activity was likely due to other cell surface aminopeptidases ([26](#bib26){ref-type="ref"}).

![Expression of CD13 on U937 cells and related aminopeptidase‐N (APN) activity. *A*) U937 cells were incubated with anti‐CD13 mAbs (MY7, SJ1D1, or WM15) or IgG1, stained with GAM‐FITC, and then examined by flow cytometry (black line). Cells treated with isotype control IgG1 served as the negative control (dotted line). *B*) Cells were assayed for APN activity using the chromogenic substrate Ala‐pNA, in the absence or presence of anti‐CD13 mAbs (20 μg/ml) or the APN inhibitors bestatin and DNFAA (10 and 100 μM in both cases), as described in Materials and Methods. Results are expressed as nanomoles of pNA formed per 30 min per 10^5^ cells at 37°C. Values are expressed as means ± [sd]{.smallcaps} (*n*=3).](FSB2-25-2831-g001){#fsb2025008032-fig-0001}

Anti‐CD13 mAbs induce growth arrest and apoptosis of AML U937 cells {#fsb2025008032-sec-0014}
-------------------------------------------------------------------

We next examined the effects of anti‐CD13 mAbs on the growth and viability of U937 cells. Cells were cultured for 72 h in the absence or presence of increasing concentrations (1‐50 μg/ml) of MY7, SJ1D1, or WM15. Cell growth was markedly reduced in anti‐CD13 mAb‐treated samples, when compared with isotype‐matched IgG1, vehicle, or no treatment (Fig. [2*A*](#fsb2025008032-fig-0002){ref-type="fig"}). Moreover, no effect was observed with an irrelevant mAb recognizing proteinase TACE constitutively expressed at the surface of U937 cells (Fig. [2*A*](#fsb2025008032-fig-0002){ref-type="fig"}). The IC~50~ values were \~5 μg/ml at 72 h. Kinetic studies revealed a time‐dependent, inhibitory effect of anti‐CD13 mAbs on U937 cell growth (Fig. [2*B*](#fsb2025008032-fig-0002){ref-type="fig"}). Cell growth arrest was accompanied by reduction in DNA content to sub‐G~1~ levels (Fig. [2*C*](#fsb2025008032-fig-0002){ref-type="fig"} for MY7; data not shown for SJ1D1 and WM15) and internucleosomal DNA fragmentation (Fig. [2*D*](#fsb2025008032-fig-0002){ref-type="fig"}) characteristic of apoptosis. Moreover, the average diameter of dead cells (≤9 μm) was smaller than that of living cells. Apoptosis was further confirmed by phosphatidylserine exposure at the cell surface, with consequential annexin V‐FITC binding. Indeed, annexin‐V binding was higher in anti‐CD13 mAb‐treated cells than in untreated cells or those treated with IgG1, anti‐TACE, or vehicle (Fig. [3*A*](#fsb2025008032-fig-0003){ref-type="fig"}). The proapoptotic effects of anti‐CD13 mAbs were time‐ (Fig. [3*B*](#fsb2025008032-fig-0003){ref-type="fig"}) and dose‐dependent (Fig. [3*C*](#fsb2025008032-fig-0003){ref-type="fig"}).

![Effects of anti‐CD13 mAbs on U937 cell growth, cell cycle arrest, and DNA integrity. U937 cells (10^5^ /ml) were treated with anti‐CD13 mAbs at the indicated concentrations for the indicated times. *A*) Concentration‐dependent growth after 72 h of treatment. Controls included appropriate dilutions of IgG1, anti‐TACE. and buffer vehicle. Values are expressed as means ± [sd]{.smallcaps}. All experiments were performed in duplicate and were repeated ≥5 times. *B*) Time‐dependent growth with anti‐CD13 mAbs (35 μg/ml). Values are expressed as means ± [sd]{.smallcaps}. All experiments were performed in duplicate and were repeated ≥4 times. *C*) DNA contents of U937 cells treated for 72 h with MY7 or IgG1 (35 μg/ml) were analyzed by flow cytometry. *D*) DNA fragmentation U937 cells treated for 72 h with MY7 or IgG1 (35 μg/ml) or with etoposide (1 μM, positive control).](FSB2-25-2831-g002){#fsb2025008032-fig-0002}

![Anti‐CD13 mAbs induce apoptosis in U937 cells. *A*) Apoptosis of U937 cells cultured for 72 h with IgG1, anti‐TACE, or anti‐CD13 mAbs (35 μg/ml) was evaluated by flow cytometry of FITC‐conjugated annexin‐V binding, while simultaneously assessing necrosis by PI staining. Results are expressed as log PI fluorescence intensity (*y* axis) *vs.* log annexin‐V fluorescence intensity (*x* axis). Annexin‐V‐positive cells are highlighted in the box, and their percentage is shown. One representative experiment is shown. *B*) Cells were incubated for 24, 48, 72, and 96 h in the presence or absence of IgG1 or anti‐CD13 mAbs (35 μg/ml), and apoptosis was assessed as described in *A. C*) Cells were incubated for 72 h with increasing concentrations of IgG1 or anti‐CD13 mAbs (5‐50 μg/ml), and apoptosis was assessed as described in *A.* Values are expressed as means ± [sd]{.smallcaps}. All experiments were performed in duplicate and were repeated ≥4 times.](FSB2-25-2831-g003){#fsb2025008032-fig-0003}

U937 cell growth and survival are not affected by the inhibition of APN/CD13 enzymatic activity {#fsb2025008032-sec-0015}
-----------------------------------------------------------------------------------------------

WM15 mAb was just as efficient as MY7 and SJ1D1 in strongly blocking cell growth, suggesting that CD13\'s active site is not involved in the inhibitory action of anti‐CD13 mAbs on U937 cells. To confirm this hypothesis, we assessed the ability of APN/CD13 inhibitors to induce growth arrest and apoptosis in U937 cells. PMA (2 nM) was used as a positive control for blocking U937 cell growth (Fig. [4*A*](#fsb2025008032-fig-0004){ref-type="fig"}). At a concentration of 100 μM, which inhibits APN activity on U937 cells (Fig. [1*B*](#fsb2025008032-fig-0001){ref-type="fig"}), neither bestatin nor DNFAA affected the growth of U937 cells (Fig. [4*A*](#fsb2025008032-fig-0004){ref-type="fig"}) or survival (Fig. [4*B*](#fsb2025008032-fig-0004){ref-type="fig"}) after 96 h of treatment. These results demonstrate that the APN activity of CD13 does not contribute to anti‐CD13 mAb‐mediated growth arrest and apoptosis in U937 cells.

![Effects of inhibitors of APN activity on U937 cell growth and survival. *A*) U937 cells (10^5^/ml) were treated with bestatin or DNFAA (100 μM) or PMA (2 nM; used as positive control of growth arrest and death induction) for the indicated times. Values are means ± [sd]{.smallcaps}. All experiments were performed in duplicate and were repeated 3 times. *B*) Cells (10^5^ /ml) cultured for 96 h in the presence or absence of bestatin, DNFAA, or PMA, were stained with annexin‐V‐FITC/PI and analyzed by flow cytometry. Of note, the absence of effect was observed with 4 different batches of betatin tested. Experiments were repeated 3 times. One representative experiment is shown. Percentage of annexin‐V positive cells is shown in each box.](FSB2-25-2831-g004){#fsb2025008032-fig-0004}

MY7‐induced internalization of surface CD13 by U937 cells {#fsb2025008032-sec-0016}
---------------------------------------------------------

Since the internalization of cell surface receptors is thought to be a necessary step in signaling, we used flow cytometry to assess internalization of CD13 by the MY7 anti‐CD13 mAb (as a decrease in CD13 surface expression). Cells were incubated with MY7 (20 μg/ml) for 6 and 18 h at 37°C. As seen in Fig. [5*Ac*](#fsb2025008032-fig-0005){ref-type="fig"}, surface CD13 levels fell over time on MY7‐treated cells but did not change on untreated cells (Fig. [5*Aa*](#fsb2025008032-fig-0005){ref-type="fig"}) and IgG1‐treated cells (Fig. [5*Ab*](#fsb2025008032-fig-0005){ref-type="fig"}). Accordingly, the surface APN activity of U937 cells was specifically decreased by stimulation with MY7 (Fig. [5*B*](#fsb2025008032-fig-0005){ref-type="fig"}). No significant differences in intracellular CD13 staining were observed for untreated cells and IgG1‐ and MY7‐treated cells (data not shown). In parallel, enzymatic assays on culture medium from untreated cells and IgG1‐ and MY7‐treated cells were performed (*i.e.*, to check that surface CD13 down‐regulation did not result from shedding into the culture medium). Nonstimulated cells released low levels of soluble APN (\<10% of the total APN activity in intact cells; Fig. [5*C*](#fsb2025008032-fig-0005){ref-type="fig"}). When U937 cells were activated with PMA (*i.e.*, a positive control), surface CD13 expression and activity rose (Fig. [5*A, B*](#fsb2025008032-fig-0005){ref-type="fig"}). This increase was accompanied by the release of soluble APN (with a significant, 5.7‐fold enhancement at 18 h; Fig. [5*C*](#fsb2025008032-fig-0005){ref-type="fig"}). In contrast, the APN activity released from MY7‐treated cells did not vary over time, when compared with untreated and IgG1‐treated cells (Fig. [5*C*](#fsb2025008032-fig-0005){ref-type="fig"}). These findings indicate that CD13 down‐regulation by MY7 likely results from cell internalization of CD13‐MY7 complexes.

![Effects of the anti‐CD13 mAb MY7 on surface CD13 expression, surface APN activity, and soluble APN activity in U937 cells. U937 cells (10 /ml) were cultured for 6 and 18 h in the absence or presence of IgG1 or MY7 (20 μg/ml) or PMA (200 nM, used as a positive control). Thereafter, the conditioned medium was collected, as described in Materials and Methods, and intact cells were assayed for CD13 expression and APN activity. *A*) Untreated cells (*a, e*) and cells treated with IgG1 (*b, f*), MY7 (*c, g*), or PMA (*d, h*) were stained with anti‐CD13‐PE (clone SJ1D1; *a--d*) or anti‐CD64‐FITC (*e‐h*) and then examined by flow cytometry (black line). Cells stained with IgG1‐PE and IgG1‐FITC (isotype controls) served as negative controls (dotted line). *B, C*) APN activity was detected on 10^5^ intact cells (*B*) and in conditioned medium (50 μl; *C*), as described in Materials and Methods. Specific APN activity (nanomoles of pNA formed per 30 min at 37°C) was determined by subtracting the amount of pNA formed in the absence of DNFAA (100 μM) from the amount of pNA formed in the presence of DNFAA. Values are expressed as means ± [sd]{.smallcaps} (*n*=3).](FSB2-25-2831-g005){#fsb2025008032-fig-0005}

The fact that isotype control IgG1 had no effect on U937 cells (Fig. [1*A*](#fsb2025008032-fig-0001){ref-type="fig"}) strongly suggested that the Fcγ‐receptor I (Fcγ‐RI/CD64) on myeloid cells was not involved in the induction of apoptosis by anti‐CD13 mAbs. U937 cells expressed detectable levels of CD64 (Fig. [5*Ae*](#fsb2025008032-fig-0005){ref-type="fig"}), which were not affected by either IgG1 (Fig. [5*Af*](#fsb2025008032-fig-0005){ref-type="fig"}) or MY7 (Fig. [5*Ag*](#fsb2025008032-fig-0005){ref-type="fig"}) treatment; this observation confirmed that MY7‐mediated apoptosis does not involve signaling induced by CD64 internalization.

Effects of inhibitors of PI3K, AKT, and MEK1 kinases on MY7‐induced U937 cell growth arrest {#fsb2025008032-sec-0017}
-------------------------------------------------------------------------------------------

PI3K/AKT and MEK signaling pathways are implicated in AML cell proliferation and survival ([27](#bib27){ref-type="ref"}, [28](#bib28){ref-type="ref"}). We then evaluated the possible effects of PI3K, AKT, and MEK1 kinases in MY7‐mediated growth arrest. PI3K inhibitor Ly294002, AKT inhibitor VIII, and MEK1 inhibitor PD98059 were used at minimally toxic concentrations, which inhibit kinase activity ([29](#bib29){ref-type="ref"}--[31](#bib31){ref-type="ref"}). U937 cells were pretreated 60 min with these inhibitors before the addition of MY7. Ly294002 (10 μM) and AKT inhibitor VIII (2.5 μM) significantly attenuated MY7‐mediated growth arrest (Fig. [6*A*](#fsb2025008032-fig-0006){ref-type="fig"}) and death (Fig. [6*B*](#fsb2025008032-fig-0006){ref-type="fig"}), whereas the effect of MEK1 inhibitor (10 μM) was marginal (Fig. [6](#fsb2025008032-fig-0006){ref-type="fig"}). These results suggest the involvement of PI3K/AKT signaling in MY7‐induced U937 cell growth arrest.

![Effects of kinase inhibitors on MY7‐induced U937 cell growth. U937 cells (10^5^ /ml) were pretreated for 60 min with PI3K inhibitor Ly294002 (10 μM), AKT1/2 inhibitor VIII (2.5 μM), and MEK1 inhibitor PD98059 (10 μM) and exposed to MY7 (35 μg/ml) for 48 h. Cell growth (*A*) and cell death (*B*) were determined as described in Materials and Methods. Points represent means ± [sd]{.smallcaps} of 2 independent experiments.](FSB2-25-2831-g006){#fsb2025008032-fig-0006}

MY7‐induced U937 cell apoptosis involves a caspase‐dependent mechanism {#fsb2025008032-sec-0018}
----------------------------------------------------------------------

Caspases 3, 8, and 9 are important mediators of apoptosis; caspases 8 and 9 are the initiator caspases, and caspase‐3 is the "executioner enzyme" ([32](#bib32){ref-type="ref"}, [33](#bib33){ref-type="ref"}). To establish whether caspases 3, 8, and/or 9 are activated during anti‐CD13 mAb‐mediated apoptosis, we studied the ability of U937 cell lysates to cleave chromogenic substrates of these enzymes. Untreated U937 cells display similarly low baseline levels of all three caspase activities. Etoposide (1 μM) was used as a positive control, since it triggers U937 cell death by activating these caspases ([34](#bib34){ref-type="ref"}, [35](#bib35){ref-type="ref"}) (Fig. [7*A*](#fsb2025008032-fig-0007){ref-type="fig"}). Kinetic studies indicated that cell treatment with MY7 (35 μg/ml) resulted in a time‐dependent increase in all three caspase activities, relative to untreated cells (Fig. [7*A*](#fsb2025008032-fig-0007){ref-type="fig"}). Accordingly, Western blot analyses showed that exposure of U937 cells to MY7 induced the cleavage of the downstream caspase‐3 substrate poly ADP‐ribose polymerase‐1 (PARP‐1) (Fig. [7*A*](#fsb2025008032-fig-0007){ref-type="fig"}). To determine whether the initiator caspase in the extrinsic pathway (*i.e.*, caspase‐8) or the intrinsic pathway (*i.e.*, caspase‐9) is involved in the apoptotic action of MY7, we examined the effects of a broad‐spectrum caspase inhibitor (Z‐VAD‐fmk) and selective inhibitors of caspase‐8 (Z‐IETD‐fmk) and caspase‐9 (Ac‐LEHD‐CHO) on cell viability. MY7‐induced cell death was blocked markedly by Z‐VAD‐fmk (85% of inhibition) and to a lesser extent by Ac‐LEHD‐CHO (41% of inhibition) and Z‐IETD‐fmk (33% of inhibition) (Fig. [7*B*](#fsb2025008032-fig-0007){ref-type="fig"}). These results showed that MY7 induces caspase‐dependent cell death through both the intrinsic and extrinsic pathways.

![Anti‐CD13 mAb MY7‐induced apoptosis is caspase dependent. *A*) U937 cells were treated for 24 h with IgG1 or MY7 (35 μg/ml) or etoposide (1 μM) or left untreated. Caspase‐3, caspase‐8, and caspase‐9 activities were determined using the substrates DEVD‐pNA, IETD‐pNA, and LEHD‐pNA, respectively. Release of pNA was measured at 405 nm. Data are expressed as a fold‐increase relative to the corresponding untreated samples (baseline values for caspase‐3, caspase‐8, and caspase‐9 activity were 1.3±0.2, 2.3±0.2, and 0.9±0.1 nmol pNA/60 min/100 μg protein at 37°C, respectively). Data are expressed as means ± [sd]{.smallcaps} from 3 assays. IgG1 did not alter the caspase activity profile. Inset: U937 cell lysates were examined for PARP‐1 expression by immunoblotting. *B*) U937 cells were incubated with IgG1 or MY7 (35 μg/ml) for 48 h after 1 h of pretreatment with Z‐VAD‐fmk (a broad‐spectrum caspase inhibitor), Ac‐LEHD‐CHO (a caspase‐9 inhibitor) or Z‐IETD‐fmk (a caspase‐8 inhibitor) (50 μM). Cell death was determined as described in Materials and Methods. Percentage of specific MY7‐mediated cell death was obtained by subtracting the percentage of baseline death in untreated cells or cells pretreated with caspase inhibitor from the percentage of death in the corresponding MY7‐treated cells. IgG1 did not alter the baseline levels of apoptosis. Values are expressed as means ± [sd]{.smallcaps}. Separate experiments were performed in duplicate and were repeated 3 times. ∗*P* \< 0.05 *vs.* corresponding untreated cells.](FSB2-25-2831-g007){#fsb2025008032-fig-0007}

MY7 treatment induces mitochondrial membrane depolarization, Bax up‐regulation, and Bcl‐2 and Mcl‐1 down‐regulation {#fsb2025008032-sec-0019}
-------------------------------------------------------------------------------------------------------------------

To confirm the involvement of the intrinsic pathway in MY7‐induced apoptosis, we investigated the role of the mitochondria. In a fluorescence‐based assay, the exposure of U937 cells to MY7 (35 μg/ml) induced a time‐dependent decrease in the MMP (Fig. [8*A*](#fsb2025008032-fig-0008){ref-type="fig"}). Mitochondrial membrane depolarization can result from the action of proapoptotic and/or antiapoptotic members of the Bcl‐2 family ([36](#bib36){ref-type="ref"}). Therefore, we measured expression levels of Bad, Bax, and Bid proapoptotic proteins and Bcl‐2 and Mcl‐1 antiapoptotic proteins before and after MY7 treatment. Untreated cells expressed high levels of Bax, Bcl‐2, Bid, and Mcl‐1 (Fig. [8*B*](#fsb2025008032-fig-0008){ref-type="fig"}). No changes were observed when cells were treated with control IgG1 (Fig. [8*B*](#fsb2025008032-fig-0008){ref-type="fig"}). Consistently with previous studies in U937 cells, Bcl‐2 and Mcl‐1 levels were lower in etoposide‐treated cells ([34](#bib34){ref-type="ref"}, [37](#bib37){ref-type="ref"}, [38](#bib38){ref-type="ref"}) than in untreated cells (Fig. [8*B*](#fsb2025008032-fig-0008){ref-type="fig"}). MY7 down‐regulated Bcl‐2 and Mcl‐1 and up‐regulated Bax (Fig. [8*B*](#fsb2025008032-fig-0008){ref-type="fig"}). In contrast, Bid levels were not markedly affected (Fig. [8*B*](#fsb2025008032-fig-0008){ref-type="fig"}). Dephosphorylation of Bad results in proapoptotic effects in AML ([39](#bib39){ref-type="ref"}). U937 cells were negative for Ser‐112‐phospho(p)‐Bad (data not shown) and positive for Ser‐136‐p‐Bad (Fig. [8*B*](#fsb2025008032-fig-0008){ref-type="fig"}). MY7 did not alter the levels of Ser‐136‐p‐Bad and total Bad (Fig. [8*B*](#fsb2025008032-fig-0008){ref-type="fig"}).

![Anti‐CD13 mAb MY7 triggers dissipation of the MMP and changes in Bax, Bcl‐2, and Mcl‐1 expression. *A*) U937 cells were cultured for 24 and 48 h in the absence or presence of IgG1 or MY7 (35 μg/ml). Thereafter, cells were incubated for 15 min at 37°C with the fluorescent probe JC‐1, washed, portioned into aliquots, and transferred in triplicate into microtiter plate wells. Green and red fluorescence were measured as detailed in Materials and Methods. Dissipation of the MMP is characterized by a significant shift in the red/green fluorescence ratio. Values are means ± [sd]{.smallcaps} (*n*=3). ∗*P* \< 0.05 *vs.* corresponding untreated cells. *B*) U937 cells were treated with IgG1 or MY7 (35 μg/ml) or etoposide (1 μM) for 48 h. Thereafter, lysates were Western blotted with antibodies against Bax, Bcl‐2, Mcl‐1~L~ (long form), Mcl‐1~S~ (short form), Ser‐136‐p‐Bad, Bad, Bid, and actin (a protein loading control). Two representative experiments (*n*=3 in all) are shown.](FSB2-25-2831-g008){#fsb2025008032-fig-0008}

Anti‐CD13 mAb treatment induces apoptosis and PARP‐1 cleavage in primary AML cells {#fsb2025008032-sec-0020}
----------------------------------------------------------------------------------

Preliminary experiments had shown that the three anti‐CD13 mAbs recognized similar levels of surface CD13 on primary human AML cells. To determine whether the anti‐CD13 mAbs‐induced apoptosis seen in U937 cells also occurs in primary AML blasts, we exposed PBMCs obtained from a cohort of 21 AML patients to IgG1 and to MY7 (35 μg/ml). Annexin‐V binding was measured by flow cytometry after 72 h. Cultured AML cells exhibited variable baseline levels of spontaneous apoptosis (Fig. [9*A*](#fsb2025008032-fig-0009){ref-type="fig"}), which were not increased by IgG1 treatment (data not shown). Exposure to MY7 increased apoptosis in 15 of 21 samples (Fig. [9*A*](#fsb2025008032-fig-0009){ref-type="fig"}), and this effect was observed in all the FAB subtypes tested. In addition, MY7‐responsive samples from 5 patients also responded to WM15 or SJ1D1 (data not shown). As shown in Fig. [9*B*](#fsb2025008032-fig-0009){ref-type="fig"}, an increase in PARP‐1 cleavage paralleled the induction of apoptosis in responders, patients 6 and 15, whereas a lack of apoptosis in nonresponders, patients 18 and 19, was associated with the same PARP profile as in untreated and IgG1‐treated samples. In contrast, MY7 did not affect the viability of normal PBMCs and isolated monocytes (Fig. [9*A*](#fsb2025008032-fig-0009){ref-type="fig"}).

![Anti‐CD13 mAb MY7 induces apoptosis and PARP cleavage in primary AML cells. AML cells are characterized by the FAB phenotypes M5 (monoblastic), M4 (myelomonocytic), M2 (myeloblastic with maturation), M1 (myeloblastic), and M0 (undifferentiated). *A*) AML cells were cultured in the presence or absence of MY7 (35 μg/ml) for 72 h, stained with annexin‐V‐FITC/PI, and analyzed by flow cytometry. *B*) Cell lysates were examined for PARP or actin expression in an immunoblot assay. Arrows indicate the cleaved form (cf) of PARP. Native PARP was not detected in sample 6. Responding cells have MY7‐apoptosis and PARP cleavage. Nonresponding cells lack MY7 (WM15)‐apoptosis and PARP cleavage.](FSB2-25-2831-g009){#fsb2025008032-fig-0009}

DISCUSSION {#fsb2025008032-sec-0021}
==========

Surface CD13 is overexpressed on human AML cells, which show abnormally high proliferation and survival. Here, we provide initial evidence that CD13 targeting by specific anti‐CD13 mAbs promotes the apoptosis of AML cells and is correlated with the ability to signal through the intertwined participation of PI3K/AKT and caspase‐dependent pathways.

We examined the effects of 3 anti‐CD13 mAbs (MY7, SJ1D1, and WM15, which recognize different epitopes on the leukemic CD13 antigen) on the growth and survival of AML cells. MY7 and WM15 were obtained after immunization with blasts from AML patients ([25](#bib25){ref-type="ref"}, [40](#bib40){ref-type="ref"}), whereas SJ1D1 was raised against CD13 from the myeloid cell line KG1 ([25](#bib25){ref-type="ref"}). The epitopes on CD13 bound by SJ1D1 and MY7 are very close together. The WM15 binding site overlaps that cooccupied by SJ1D1 ([25](#bib25){ref-type="ref"}). In contrast to MY7 and SJ1D1, WM15 inhibits the APN activity of CD13 ([25](#bib25){ref-type="ref"}, [41](#bib41){ref-type="ref"}). In the present study, we showed that all anti‐CD13 mAbs recognize similar levels of surface CD13 on the AML cell line U937 (FAB M5) and on M0‐, M1‐, M2‐, M4‐, and M5‐subtype primary AML cells. Following anti‐CD13 mAb treatment, U937 cells undergo growth arrest and then apoptosis (as evidenced by sub‐G~1~ cell‐cycle accumulation, DNA fragmentation, and phosphatidylserine externalization). The results in U937 cells were confirmed in primary AML cells (independently of the latter\'s FAB subtype), with MY7‐mediated apoptosis observed in 15 of the 21 AML samples tested.

The APN‐inhibiting WM15 mAb suppressed U937 cell growth to the same extent as the non‐APN‐inhibiting MY7 and SJ1D1 mAbs, suggesting that CD13\'s catalytic site is not involved in the inhibitory effect of anti‐CD13 mAbs. Bestatin is the most frequently used CD13/APN inhibitor, although it does interact with other aminopeptidases, such as leucyl‐aminopeptidase (EC 3.4.11.1) and aminopeptidase W (EC 3.4.11.16) in myeloid cells ([1](#bib1){ref-type="ref"}). In this context, we had previously synthesized a series of novel flavone‐8‐acetic acid derivatives and selected DNFAA as an efficient APN inhibitor ([18](#bib18){ref-type="ref"}). Bestatin and DNFAA are both slow‐binding, competitive inhibitors of APN ([1](#bib1){ref-type="ref"}). When used at a concentration of 100 μM, which inhibits APN activity (30‐40 fold above the IC~50~ values), bestatin and DNFAA did not alter cell growth and survival, implying that CD13\'s APN activity is not required for this process. It is noteworthy that higher doses of bestatin used in previous studies might inhibit other aminopeptidase activities ([1](#bib1){ref-type="ref"}, [42](#bib42){ref-type="ref"}). Inhibitory effects observed with high doses of bestatin (≥145 μM) likely reflect bestatin intracellular effects ([42](#bib42){ref-type="ref"}).

Internalization of the CD13/anti‐CD13 mAb complex suggests the existence of a signal pathway engaged by CD13. The short intracellular intracytoplasmic tail of CD13 neither contains a death domain nor a conserved immunoreceptor tyrosine‐based activation motif ITAM to directly couple CD13 to intracellular effectors for inducing a cascade of events leading to cell activation. This suggests that signaling induced by the CD13/anti‐CD13 mAb complex could be mediated by the physical interaction with other signaling molecules. Two studies have shown that CD13 colocalizes with FcγRI/CD64 on monocytes ([43](#bib43){ref-type="ref"}, [44](#bib44){ref-type="ref"}). The receptors for the Fc portion of IgG are signaling molecules that require Syk activation. We found that isotype control IgG1 did not influence cell growth, surface CD64 was not affected by MY7 treatment, and the Syk inhibitor piceatannol did not block the proapoptotic effect of MY7. These results, therefore, indicate that FcγRI/CD64 does not potentiate MY7\'s effect on U937 cells. In U937 cells, the WM15 and SJ1D1 mAbs induced phosphorylation of ERK1/2 and p38 kinases, and inhibitors of PI3K were able to decrease their phosphorylation ([45](#bib45){ref-type="ref"}). Activated PI3K localizes to the plasma membrane and catalyzes the γ‐phosphate transfer of ATP to phosphoinositides needed for phosphatidylinositol triphosphate (PIP3) generation and calcium signaling ([46](#bib46){ref-type="ref"}). Free Ca^2+^ is reported to induce mitochondrial Ca^2+^ uptake, which can trigger mitochondrial membrane depolarization and release of cytochrome *c* and other apoptogenic proteins ([47](#bib47){ref-type="ref"}). PIP3, in turn, activates downstream substrates, including the serine/threonine kinase AKT ([46](#bib46){ref-type="ref"}). Our data obtained with the pharmacological inhibitors of PI3K and AKT strongly suggest the implication of these kinases in the signaling cascade involved in MY7‐mediated growth arrest. Anti‐CD13 mAbs MY7, WM15, and Leu‐M7 induced Ca^2+^ release in monocytes and U937 cells ([48](#bib48){ref-type="ref"}, [49](#bib49){ref-type="ref"}). Furthermore, we investigated the signaling pathways involved in the proapoptotic activity of anti‐CD13 mAbs.

Apoptosis can be initiated by the mitochondrial (intrinsic) pathway and/or the death‐receptor (extrinsic) pathway ([33](#bib33){ref-type="ref"}, [50](#bib50){ref-type="ref"}). In the intrinsic apoptotic pathway, mitochondria may function as an amplifier by activating the downstream caspases 9 and 3 ([33](#bib33){ref-type="ref"}, [50](#bib50){ref-type="ref"}). In the present study, anti‐CD13 mAb treatment dissipated the mitochondrial membrane potential, activated caspase‐9 and caspase‐3, and cleaved PARP‐1 (a major substrate of caspase‐3) in U937 cells. The broad‐spectrum caspase inhibitor Z‐VAD‐fmk and the caspase‐9 inhibitor Ac‐LEHD‐CHO significantly attenuated MY7‐mediated apoptosis, suggesting that anti‐CD13 mAb treatment leads (at least) to the activation of a mitochondrial (intrinsic) caspase‐dependent apoptosis pathway. Members of Bcl‐2 family are important regulators of the intrinsic pathway ([51](#bib51){ref-type="ref"}). By modifying outer and inner mitochondrial membrane permeability, the Bcl‐2 family (including proapoptotic Bad and Bax proteins and antiapoptotic Mcl‐1 and Bcl‐2 proteins) regulate cytochrome *c* release from mitochondria, caspase activation, and PARP‐1 cleavage ([33](#bib33){ref-type="ref"}, [51](#bib51){ref-type="ref"}). Overexpression of Bcl‐2 protein rescues U937 cells from apoptosis ([52](#bib52){ref-type="ref"}). While Ser‐136‐phosphorylation of Bad protects AML cells from apoptosis ([39](#bib39){ref-type="ref"}, [53](#bib53){ref-type="ref"}), unphosphorylated Bad can favor apoptosis by sequestering Bcl‐2 within the cytoplasm and thus preventing the latter from binding to Bax; in turn, this promotes cytochrome *c* release ([53](#bib53){ref-type="ref"}, [54](#bib54){ref-type="ref"}). Our data indicate that MY7 decreased Mcl‐1 and Bcl‐2 levels and increased Bax levels. However, the fact that MY7 did not affect Ser‐136‐p‐Bad levels means that Bad is unlikely to be involved in anti‐CD13‐mediated apoptosis. It remains to be seen whether the inhibition of Bcl‐2 and Mcl‐1 by MY7 treatment is regulated at the transcriptional level or not.

In the extrinsic apoptosis pathway, triggering of death receptors (such as Fas antigen and TNF‐R1) leads to strong caspase‐8 activation. This bypasses mitochondria and leads directly to caspase‐3 activation and then apoptosis ([33](#bib33){ref-type="ref"}, [50](#bib50){ref-type="ref"}). However, small amounts of caspase‐8 (activated by stress‐induced signals within the cell) can activate the intrinsic pathway by inducing the production of truncated Bid (tBid) *via* the proteolytic cleavage of Bid ([55](#bib55){ref-type="ref"}). Following translocation from the cytosol to the mitochondrial membranes, tBid stimulates efficient oligomerization of Bax and activates the intrinsic pathway ([55](#bib55){ref-type="ref"}, [56](#bib56){ref-type="ref"}). Our data indicate that MY7 increased caspase‐8 activity in the absence of Bid cleavage and that the caspase‐8 inhibitor Z‐IETD‐fmk, at least in part, attenuated cell death, suggesting that MY7 can also activate the extrinsic apoptosis pathway. Caspase‐8 activation may be related to the extrinsic pathway, with TNF‐R and/or Fas antigen triggering. In the present study, very low amounts of TNF‐α (≤90 pg/ml/10^6^ cells at 24 h) were detected in conditioned medium from U937 cells, and MY7 does not alter TNF‐α levels (unpublished results). Moreover, cell surface expression of Fas was not significantly modified by MY7 treatment. These data strongly suggest that anti‐CD13 mAb treatment does not trigger death receptors. It remains to be seen whether anti‐CD13 mAb treatment interferes with granzyme B and perforin (which can process procaspase‐8) ([57](#bib57){ref-type="ref"}, [58](#bib58){ref-type="ref"}).

In summary, we found that anti‐CD13 mAbs have the ability to induce apoptosis in AML cells, related to the intertwined activation of PI3K and AKT kinases involved in signal transduction and caspases involved in the intrinsic and extrinsic pathways of apoptosis. Hence, CD13 may be a proapoptotic target in this disease. Accordingly, a recent study showed that anti‐CD13 mAb WM15 was able to induce apoptosis in the HuH7 and PLC/PRF/5 human liver cancer cell lines *in vitro* ([59](#bib59){ref-type="ref"}). The anti‐CD13 mAbs\' ability to promote cell death might open up new interventional strategies in the treatment of CD13^+^ tumors.
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